the presence of a high density-and perhaps unique properties-of voltage-gated sodium (Na + ) channels at the AIS. Cellular and molecular studies show that the AIS is a highly organized subcellular compartment, or domain, that possesses a number of ultrastructural and biochemical specializations. Moreover, in the cortex, Review 652 The Neuroscientist / Vol. 15, No. 4, December 2009 
Electrogenic Tuning of the Axon Initial Segment
Brian D. Clark 1,2 , Ethan M. Goldberg 3 , and Bernardo Rudy 1 Action potentials (APs) provide the primary means of rapid information transfer in the nervous system. Where exactly these signals are initiated in neurons has been a basic question in neurobiology and the subject of extensive study. Converging lines of evidence indicate that APs are initiated in a discrete and highly specialized portion of the axon-the axon initial segment (AIS). The authors review key aspects of the organization and function of the AIS and focus on recent work that has provided important insights into its electrical the AIS is the specific and only target of a unique subtype of GABAergic interneuron, the chandelier cell. Finally, the AIS expresses a number of functionally important and disease-related molecules that appear to provide "electrogenic" tuning of neuronal excitability.
Investigation of the axon dates back to some of the earliest anatomical studies of Kölliker, Remak, and Deiters in the 19th century. Following the elucidation of the ionic mechanisms responsible for the generation of the AP, work by several investigators in the 1950s suggested that the AP is initiated at a discrete site, and that this site was in fact the AIS (see Box 1 and Fig. 1 ). Research in subsequent decades has further refined these initial observations and identified many new aspects of the structure and functional specializations of the axon. It has become clear that the axon contains several specialized domains, each with unique structure and functional properties, including the AIS, the nodes of Ranvier and adjacent paranodes and juxtaparanodes in myelinated axons, the preterminal axon, and finally, the presynaptic terminal itself. The AIS has received increasing attention in recent years, and some aspects of this work have been discussed in further detail in recent accounts Kress and Mennerick 2009 , see also Stuart and others 1997b; Salzer 2003) .
The present review is focused on our current understanding of the function of the AIS. We provide a broad overview of this axonal compartment and summarize the evidence indicating that the AIS is indeed the site of AP initiation. We also include a more detailed discussion of very recent discoveries of modulation of cortical neuron function by ion channels present at the AIS, focusing on their role in regulating spike timing, spike shape, and spike influence on synaptic transmission. O ne of the remarkable specializations of neurons is their exquisite morphology and highly polarized nature. The axon is the main output structure of neurons that allows the activity of single cells to be rapidly conveyed to large numbers of postsynaptic targets. The axon initial segment (AIS) is the proximal portion of the axon beginning at the emergence of the axon from the soma (the axon hillock) and ending at the onset of the myelin sheath. This, of course, is a general definition that must be modified in specific cases (such as for unmyelinated axons and cells in which the axon emerges from a dendrite).
Multiple lines of evidence point to the AIS as the site of initiation of the action potential (AP), the basic unit of information transfer in the nervous system. AP initiation occurs at the AIS because the threshold for AP generation is lowest at this site. This in turn is due to Figure 1 . Early studies of the axon. A, Deiters' illustration of isolated motor neurons from the anterior horn of the spinal cord. In the large cell at the left, he differentiates (a) the single "main axis cylinder extension" from the (b) multiple "fine axis cylinder extensions coming from the protoplasmic extensions…" (Deiters 1865 ; reproduced by permission of Oxford University Press, Inc, from Shepherd 1991) . Based on these descriptions, Deiters is often credited with first distinguishing the axon from dendrites. B, Edwards and Ottoson's demonstration of axonal initiation of orthodromic impulses in the giant lobster stretch receptor. Using a preparation in which simultaneous extracellular electrodes could be visually positioned at the soma (E) and at varying distances along the axon (A-D), Edwards and Ottoson showed that in response to activation by stretch, the spike is first recorded at site B, about 500 mm from the cell body (negativity is upward in these extracellular tracings; from Edwards and Ottoson 1958) . C, Electron micrograph of a pyramidal cell axon initial segment from rat cerebral cortex. The axon hillock is at the top of the image. Arrows indicate the beginning of the characteristic undercoating and the beginning of the axon initial segment (from Palay and others, copyright 1968. Originally published in The Journal of Cell Biology, 38:193-201) .
This review highlights the view that, besides serving as the site of AP initiation, the AIS is also a complex molecular and biophysical subcellular compartment and is capable of exerting powerful and dynamic modulatory effects on neuronal function.
Molecular Organization of the AIS
Although the early anatomists provided the first morphological description of the axon and the AIS, it has been the revolution in molecular biology and insights from cell biology that have led to the current view of the AIS as a specialized subcellular domain with rich molecular organization. In general, the AIS is characterized molecularly as the region of proximal axon enriched in sodium channels; however, the initial segment contains a variety of other proteins, many with as yet ill-defined roles in AIS organization and function.
Multiple Types of Ion Channels Are Enriched at the AIS
Recent study of the AIS has revealed that, in addition to the high density of sodium channels necessary for AP initiation (see section titled "The AIS Is the Site of AP Initiation"), this neuronal compartment possesses a variety of other ion channels suggesting complex modulation of AIS excitability. These channels include voltage-gated potassium channels of the Kv1, Kv2, and Kv7 (KCNQ) subfamilies, and possibly voltage-gated calcium channels. The specific contribution of these channels to spike generation, and their role in regulating repetitive firing, AP shape and propagation, are beginning to be explored in detail.
Na + Channels
Consistent with its function of spike initiation, the AIS is characterized by a span of membrane enriched in sodium channels. Although less extensive than K + channel diversity, there are also multiple types of voltage-gated Na + channels (Catterall and others 2005) . The physiological significance of this diversity is incompletely understood, but recent studies have begun to demonstrate important differences in their properties and functional roles (Rush and others 2007) . The molecular identity of the sodium channels at the AIS likely depends on cell type and is subject to developmental changes; however, Na v 1.6, the most abundantly expressed Na + channel isoform in the nervous system, appears to also be one of the most prevalent isoforms at the AIS (Boiko and others 2003; . It has been suggested that, in cortex, Na V 1.1 is expressed mainly at the AIS of fast-spiking (FS) GABAergic inhibitory interneurons (Yu and others 2006; Ogiwara and others 2007) , which is interesting because loss of function mutations in the gene encoding this channel protein produce epilepsy (Ragsdale 2008) .
Kv1 Potassium Channels
There is a growing list of K + channels identified at the AIS. Potassium channels are by far the most diverse group of ion channels and have many important roles as regulators of cell excitability, controlling spike threshold, shape, and repetitive firing (Coetzee and others 1999; Rudy and others 2009); hence, the observation of their selective enrichment at the AIS hints at the possibility of complex local modulation of spike generation and spike properties by these channels. Some of this complex regulation is beginning to be unraveled. Members of the Kv1 subfamily of voltage-gated K + channels (see Box 2) are of particular interest because they activate at subthreshold membrane potentials and thus can influence spike initiation. The voltage-and time-dependent activation and inactivation properties of these channels also introduce interesting dynamics to the electrical properties of the AIS. Several laboratories have recently demonstrated the presence of Kv1 channels at the AIS in a variety of species and cell types, and where examined, they have been shown to have important roles in regulating AP initiation and the shape of the axonal AP (Goldberg and others 2006; Inda and others 2006; Kuba and others 2006; Kole and others 2007; Shu and others 2007; Van Wart and others 2007; Goldberg and others 2008; Lorincz and Nusser 2008) .
Other Ion Channels at the AIS
Several other types of ion channels have also been reported at the AIS of central neurons. In the medial nucleus of the trapezoid body (MNTB), Kv2-mediated currents accounted for a large proportion of the delayed-rectifier current measured at the soma, and immunohistochemical staining for Kv2.2 subunits revealed their enrichment at the AIS, occupying a more proximal location than the Kv1 channels at the AIS of these cells (Johnston and others 2008) . Because of the lack of specific blockers of Kv2.2 channels it has not been possible to isolate their functional contribution in these neurons. However, based on modeling, Johnston and others have suggested that the Kv2.2 current facilitates high frequency firing by hyperpolarizing the interspike membrane potential, facilitating the recovery of sodium channels from inactivation. It was also recently suggested that Kv2.1, the other known member of the Kv2 subfamily, is expressed at the AIS of hippocampal and neocortical neurons (Sarmiere and others 2008).
Members of the KCNQ (Kv7) subfamily of potassium channels are also clustered at the AIS of several cell types. KCNQ channels mediate the subthresholdoperating M-type K + current. These are slow-activating, noninactivating, voltage-dependent currents that are believed to be major modulators of neuronal excitability in many neurons. They contribute to stabilizing the resting potential and limit repetitive firing. They were initially discovered as the currents mediating muscarinic excitation of neuronal activity, and hence called M-currents (Brown and Adams 1980) . This subfamily of K + channels is of great interest because four of its five members have been associated with human disease (reviewed in Rudy and others 2009).
Cooper and colleagues showed that two members of this subfamily, KCNQ2 (Kv7.2) and KCNQ3 (Kv7.3), are enriched at the AIS in several neuronal populations, including hippocampal and neocortical pyramidal cells (Devaux and others 2004; Pan and others 2006) . Pan and others (2006) showed that KCNQ2 and 3 channels contain a short motif, nearly identical to one found in all mammalian voltage-gated Na + channels that mediates interaction with the AIS cytoskeletal scaffold protein ankyrin G.
Recently, Shah and others (2008) used an ankyrin G-binding peptide to dissociate KCNQ channels from ankyrin and concluded that targeting of the channels to the AIS was important for their control of the excitability in CA1 hippocampal pyramidal neurons. Treatment with the competing peptide induced spontaneous firing resembling the effects of pharmacological block of the channels (Shah and others 2008) .
Last, using two-photon imaging of interneurons in the dorsal cochlear nucleus, Bender and Trussell (2009) found that calcium transients evoked by repetitive firing were larger in the AIS than at the soma. Pharmacological experiments implicated T-and R-type voltage-gated calcium channel enrichment at the AIS. Similar calcium transients were observed at the AIS of layer 5 pyramidal cells and cerebellar Purkinje neurons (Bender and Trussell 2009 ). The function of these AIS calcium channels and their precise distribution within this domain remain to be established.
Subdomains within the AIS?
Interestingly, there is some evidence for molecular subdomains of Na + channel isoforms even within the AIS. In retinal ganglion cells, Van Wart and others found sodium channel isoform Nav1.1 staining was restricted to the proximal portion of the AIS after which Nav1.6 staining intensity increased for the remainder of the initial segment. In addition these authors found that Kv1.2 staining was restricted to the distal portion of the AIS (Van Wart and others 2007). Segregation of sodium channel isoforms was also observed within the AIS of parvalbumin-positive cortical interneurons (Lorincz and Nusser 2008) . Preliminary results from our group
Box 2: Diversity and Molecular Organization of Kv1 Channels
The Kv1 subfamily consists of eight genes (Kv1.1 to Kv1.8) in rodent and human, making it the largest subfamily among the voltage-gated K + channels. Like other Kv channels, four Kv1 pore-forming subunits combine to form a functional channel. This tetrameric organization generates a large diversity of possible subunit combinations, because Kv1 subunits can heteromultimerize with other members of the Kv1 subfamily. Depending on the subunit composition, Kv1 channels expressed in heterologous systems can produce currents ranging from sustained outward currents (sometimes referred to as "delayed rectifying" currents) to fast-transient "A-type" currents. Adding to this diversity of Kv1-mediated currents is their association with auxiliary (b) subunits, known as Kvbs. Association with different Kvb subunits modifies the properties of Kv1 channels and thus these auxiliary proteins are likely important determinants of native channel properties in neurons. Importantly, association with particular Kvb subunits (e.g., Kvb1 and Kvb3) can confer fast inactivation to otherwise slowly inactivating or noninactivating Kv1 channels. Most Kv1 channels expressed in heterologous cells tend to activate at more negative voltages than most other voltage-gated channels. Therefore Kv1 channels contribute to subthreshold neuronal excitability.
The presence of a single Kv1.1, Kv1.2, and/or Kv1.6 subunit in the channel complex confers sensitivity to the mamba snake toxin, dendrotoxin-I (DTX-I). As these Kv1 subunits are the most prominently expressed in CNS neurons, it is therefore likely that most neuronal Kv1-mediated currents are DTX sensitive. There are also additional, although still limited, pharmacological tools that allow further identification of the channel subunits mediating a Kv1 current. For example, dendrotoxin-K (DTX-K) blocks channels containing at least one Kv1.1 subunit far better than those having other Kv1 proteins. On the other hand, rTityustoxin-Ka toxin preferentially blocks channels containing Kv1.2 subunits (see Harvey 2001) .
As Kv1 genes are widely and prominently expressed in brain, it is therefore likely that most if not all neurons in the CNS express several types of Kv1 subunits. In general, Kv1 channels are expressed predominantly in axons, including synaptic terminals, although some neurons have been shown to express Kv1 proteins in somatic and dendritic compartments as well (reviewed in Lai and Jan 2006; Vacher and others 2008; Rudy and others 2009). suggest there may also be a segregation of Kv K + channels within subregions of the AIS among cortical interneurons. Such discrete molecular organization raises questions as to the mechanisms of assembly of such subdomains and their potential functional significance.
Molecular Machinery Organizing the AIS
Many of the proteins enriched at the AIS are thought to be a part of the molecular machinery involved in organizing this domain. The details of this process and how it differs in distinct neuronal cell types are still poorly understood. These proteins include the scaffolding proteins ankyrin G and bIV spectrin and the cell adhesion molecules neurofascin-186 and NrCam, proteins that are also enriched at nodes of Ranveir (Salzer 2003; . However, whereas the formation of the nodes of Ranvier requires axo-glial interactions, the formation of the AIS appears to be intrinsically specified in an ankyrin G-dependent manner (Zhou and others 1998; Jenkins and Bennett 2001; Dzhashiashvili and others 2007) . As mentioned earlier, the clustering of sodium and KCNQ2/3 channels at the AIS is known to require ankyrin G and to depend on a nearly identical targeting motif (Zhou and others 1998; Pan and others 2006) . The molecular details of how other ion channels (such as Kv1 channels) are targeted to the AIS are active areas of investigation (Ogawa and others 2008) .
A more extensive account of what is known about the mechanisms of assembly and maintenance of the molecular organization at the AIS is beyond the scope of this review. We refer the reader to recent reviews on this topic (Hedstrom and Rasband 2006; . However, it is important to mention that knockdown of ankyrin G not only affects Na + channel localization, but entirely disrupts the maintenance of neuronal polarity, with the axon acquiring dendritic properties. This includes the redistribution into the former axon of proteins normally restricted to somatodendritic domains and the assembly of spines and postsynaptic densities (Hedstrom and others 2008) . This finding indicates that the AIS not only has critical functions in neuronal excitability but in maintaining neuronal structure itself.
The AIS Is the Site of AP Initiation
The site of AP initiation is an important question to answer definitively, because this has important implications for neuronal function. Moreover, this remains an important issue given our current understanding of the diversity and domain-specific subcellular targeting of ion channels and neurotransmitter receptors (Lai and Jan 2006; Vacher and others 2008).
That the AIS is the likely site of AP initiation has been known since the 1950s (see Box 1). Over the years, many studies questioned this idea, either in general or in terms of its applicability to specific cell types. The issue was reexamined extensively in the 1990s in light of the discovery that dendrites possess active properties and that the AP can back-propagate from the soma into the dendrites (reviewed in Stuart and others 1997b) . Together with recent reports providing excellent supporting data, there is now compelling evidence supporting the initial hypothesis that the AIS is the site of AP initiation, which is likely the case for most neurons.
Stuart and Sakmann and Colbert and Johnston demonstrated that the AIS was indeed the site of AP initiation for mammalian cortical principal neurons, based on simultaneous somatic and axonal patch-clamp recordings (Stuart and Sakmann 1994; Colbert and Johnston 1996; Stuart and others 1997a;  Fig. 2A ). Studies using voltage-sensitive and Na + -sensitive dyes have provided strong additional evidence that the site of AP initiation is at the AIS in layer 5 pyramidal cells in rodent neocortex (Palmer and Stuart 2006 ; Kole and others 2008a; Fig. 2B and C). Palmer and Stuart further sublocalized the site of AP initiation to the "distal AIS," approximately 35 mm from the cell soma.
AP generation at the AIS was hypothesized to be due to a lower threshold for the generation of APs at the AIS. This, in turn, was thought to be caused by a higher density of Na + channels at the AIS and/or differences in the electrophysiological properties of the complement of Na + channels in this compartment. Modeling studies (Dodge and Cooley 1973; Mainen and others 1995) supported the idea that the AIS must contain a higher density of Na + channels, as did evidence provided by immunohistochemistry (e.g., Wollner and Catterall 1986; Boiko and others 2003) . However, there was some ongoing debate of this fact based on electrophysiological data (see Colbert and Johnston 1996; Colbert and Pan 2002) , suggesting that the density of Na + channels at the AIS was the same or only slightly higher than at the soma. Kole and others (2008a) recently provided strong and elegant evidence that, at least for pyramidal neurons in layer 5 of rodent neocortex, the AIS does indeed contain a much higher density of Na + channels (approximately 50× the Na + channel density of that found in the soma and proximal dendrites). This study also supported the existence of a hyperpolarized shift in the voltage dependence of activation and inactivation of Na + channels at the AIS relative to the soma/dendrite, as suggested previously (Colbert and Pan 2002) . Kole and others (2008a) used a clever strategy to resolve the Na + channel density issue and distinguish somatic/ proximal dendritic Na + currents from those at the AIS. They performed whole-cell voltage-clamp recordings from the soma in a bath solution lacking sodium and then locally applied sodium-rich solution only to the proximal dendrite or the AIS to selectively monitor Na + currents originating from each compartment. These authors suggested that outside-out patches pulled from the axon or cell-attached patches are largely stripped of Na + channels because of molecular tethering to the cytoskeleton (Kole and others 2008a), explaining the discrepancy with the studies by Colbert and Johnston (1996) and Colbert and Pan (2002) , which had used these methods.
After some ongoing debate (Clark and others 2005) , the AIS was also recently shown to be the likely site of AP initiation in cerebellar Purkinje neurons (Khaliq and Raman 2006) . However, unlike in other cell types examined, the Purkinje cell soma also appears to be able to support sustained generation of APs after blockade of AIS Na + channels (Khaliq and Raman 2006) . Khaliq and Raman (2006) hypothesize that this may represent a fundamental difference between spontaneously active cells such as Purkinje cells and other cell types. This is an intriguing hypothesis that requires further investigation.
In most cases where it has been investigated, APs are initiated in the proximal axon. It has been shown, for example, that the AIS is the likely site of AP initiation in dopaminergic neurons of the substantia nigra (Hausser and others 1995), granule cells in the dentate gyrus (Schmidt-Hieber and others 2008), mesencephalic trigeminal neurons (Saito and others 2006) , hippocampal CA3 pyramidal neurons (Meeks and Mennerick 2007) , and rat spinal neurons (Wolff and others 1998) . In hippocampal CA1 oriens-alveus GABAergic interneurons, AP initiation was shown to be axonal for low-intensity sustained stimuli, but shifted to somatodendritic locations for brief high intensity stimuli (Martina and others 2000) .
Why are APs generated at the AIS? The most straightforward answer to this question, supported by new data, is that preferential AP initiation at the AIS is caused by a high local density of Na + channels at the AIS. Also, the AIS is a smaller electrical compartment, and hence the amount of membrane capacitance that needs to be charged is small compared with that at the soma. This, coupled with the high local density of Na + channel, produces a lower current threshold for AP generation at the AIS 1 .
What are the functional implications of the spike being initiated at the AIS? Perhaps with the AP initiated at the AIS, the spike-generating mechanism is electrically isolated from the soma/dendrite, allowing the AIS to serve as the single site of synaptic integration of all the inputs arriving to different parts of the dendrite (Mainen and others 1995) . Furthermore, localization of the spikegenerating machinery to a small subcellular compartment allows for targeted and potentially powerful modulation of spike initiation by local influences, such as inhibition Electrical and optical recording of spike initiation and Na + concentration at the axon initial segment (AIS) of cortical layer 5 pyramidal cells. A, top, Infrared-differential interference contrast (IR-DIC) image of simultaneous somatic and axonal whole-cell recording from a layer 5 pyramidal neuron in an acute brain slice. Bottom, Superimposed traces of simultaneous somatic and axonal (thicker trace) recordings in response to extracellular stimulation. The spike recorded at the AIS precedes the spike recorded in the soma (from Stuart and others 1997a). B, Simultaneous imaging of the membrane potential in the soma and proximal axon with voltage-sensitive dye JPW1114. Action potential initiation occurred within the AIS approximately 35 mm from the axon hillock (from Palmer and Stuart 2006) . C, Kole and others used the sodium-sensitive dye SBFI to monitor sodium concentration in the axon during a train of action potentials. Consistent with a high local density of sodium channels at the AIS, they found sodium transients were greatest approximately 25 mm from the axon hillock. Adapted by permission from Macmillan Publishers Ltd: Nature Neuroscience (Kole and others, copyright 2008).
(e.g., by the AIS-targeting chandelier cell; see Box 3). Finally, the large inward currents produced by the high density of Na + channels at the AIS can generate sufficient current to charge and depolarize the larger somatic compartment and thereby promote back-propagation of spikes into the dendritic tree (as occurs in cortical pyramidal cells; Stuart and others 1997b). This backpropagation of APs, in turn, has been shown to endow neurons with additional computational abilities and mechanisms for plasticity (Kampa and others 2007) .
Control of Action Potential Timing
As the site of AP initiation, the AIS is uniquely positioned to serve as a key location to regulate when APs are generated. There is a growing appreciation of the complex arrangement of channels clustered at the AIS, yet their individual and concerted contributions to the dynamic regulation of AP threshold remain poorly understood. Several recent studies have specifically investigated the critical role of channel properties and discrete channel localization at the AIS in regulating AP threshold and neuronal responsiveness.
Na + Channel Localization in the Proximal Axon Regulates the Precise Timing of Action Potential Generation
In what is perhaps one of the most striking examples of the physiological significance of the precise site of AP initiation, Kuba and others, working in the auditory brain stem, provided compelling evidence that the spatial distribution of voltage-gated Na + channels within the AIS, and hence presumably the precise site of spike initiation, can serve as a fine-tuning mechanism to optimize the neuron's responsiveness to characteristic auditory frequencies (Kuba and others 2006) .
In the nucleus laminaris of birds, the equivalent of the medial superior olive in mammals, neurons are organized in a tonotopic fashion and exhibit a number of specializations depending on the characteristic frequency (CF) of the sounds to which they respond best (Kuba and others 2006) . These neurons are sensitive to interaural time differences (ITDs), which are used for sound localization. Kuba and others found that the amplitude of somatically recorded orthodromic and antidromic spikes were much lower in high and middle frequency neurons compared with low frequency neurons. This observation suggested a more distal site of AP initiation in middle and high CF neurons. When the authors explored the distribution of Na + channels in these neurons they observed a distinct pattern depending on the neuron's CF (Fig. 3) . In agreement with their measurements of spike amplitude and Na + current at the cell body, they found that Na + channels were located more distally and along a shorter segment in high CF neurons, whereas in low CF neurons Na + channels were located closer to the cell body and were enriched in a longer segment in the axon. Na + channel distribution was intermediate in middle CF neurons. Kuba and others suggested that the site of spike initiation in the
Box 3: The AIS Is the Specific Target of Chandelier Cells
Chandelier cells are a morphological subtype of GABAergic interneuron in mammalian cortex that have been the subject of much intrigue since their initial description by Szentágothai and Arbib (1974) . Not only do chandelier cells have a fantastic morphology, but these cells exclusively form symmetrical synapses with the axon initial segments of pyramidal cells (Howard and others 2005) . Hence, chandelier cells are often referred to as axo-axonic cells, displaying a remarkable specificity in the localization of their synapses (the AIS, but not the soma/dendrite) as well as in the cell types innervated (pyramidal cells, but not other GABAergic cells). It has been hypothesized that these cells might exert a particularly powerful inhibitory control of spike generation by virtue of these GABAergic axo-axonic synapses. Furthermore, alterations in chandelier cell function have been hypothesized to contribute to the pathogenesis of neurological and psychiatric diseases such as epilepsy and schizophrenia (DeFelipe 1999; Lewis and others 2005) .
A recent report questioned this classic conceptualization of chandelier cells as inhibitory, showing that chandelier cell activity can actually drive spikes in target pyramidal cells in layer 2/3 of human and rodent neocortex (Szabadics and others 2006) . The basis of this phenomenon was suggested to be due to a relative absence of the chloride transporter KCC2 (which extrudes chloride) at the AIS of these cells, such that the internal chloride concentration at the AIS is high and hence the reversal potential of the GABA-mediated postsynaptic potential produced by chandelier cell activity is depolarizing and actually excitatory. Additional data indicates that a high internal chloride concentration at the AIS is produced by chloride influx by the chloride transporter NKCC1 (Khirug and others 2008) . A subsequent study performed in rodent hippocampus has questioned this conclusion (Glickfeld and others 2009 ). Based on extracellular field recordings, Glickfeld and others (2009) concluded that activation of a chandelier cell produces classical hyperpolarizing inhibitory responses at the majority of their pyramidal cell postsynaptic targets. Final resolution of this issue will require additional study. Figure 3 . Precise sodium channel distribution within the axon initial segment (AIS) fine-tunes neuronal responsiveness in the chick nucleus laminaris. The Na + channel "hot spot" is arranged at greater distances from the cell body as the characteristic frequency (CF) of the neuron increases. A, B, Examples of Na + channel hot spot localization in high-middle CF neurons (A) and low CF neurons (B). Na v channels = red; retrogradely labeled nucleus laminaris neurons = green. C, Relationship between geometry of axonal Na + hot spot (Na v immunoreactivity) and CF found in nucleus laminaris (NL) neurons. High CF neurons had shorter hot spots (L) located at greater distance from the cell body (D), whereas low CF neurons hot spots were longer and closer to the cell body (yellow symbols are averages). D, Varying the geometry of the hot spot in multicompartment model simulations of NL neurons showed that the geometry producing the lowest threshold current (color coded; red corresponds to lowest threshold current) resembled the observed distribution of Na + channels in NL neurons (shown in C). E-G, Dependence of interaural timing difference (ITD) sensitivity and threshold current on distance of Na + hot spot from soma in model simulations of NL neurons. E, High CF (L = 10 µm). axon was arranged so as to produce the most sensitive detection of ITDs at a given CF. Kuba and others (2006) then used a multiple compartment model to investigate how the precise localization and length of the "hot spot" of Na + channels in the proximal axon influenced AP generation (Fig. 3) . Their modeling recapitulated the essential features of the experimental observations and demonstrated that the threshold current for spike generation was critically affected by the geometry of the hot spot of Na + channels. For example, when the hot spot was short (10 mm), increasing its distance from the soma reduced the threshold current, presumably by isolating the site of spike initiation from the large somatic membrane capacitance, with a minimum threshold (for the detection of an AP at the soma) at a distance of 20 to 30 mm. With a longer hot spot (25 mm) the minimum threshold was found closer to the soma, perhaps because hot spot length increases the current available to charge the somatic capacitance. In addition to the influence of somatic capacitance, the modeling showed that K + current activation can also significantly affect spike generation. Kuba and others (2006) concluded that electrical isolation of the site of initiation enhances the ITD sensitivity to high frequency inputs.
Why do high CF neurons prefer the strategy of increasing the separation between soma and site of initiation (rather than increasing the length of the Na + channel hot spot) to maximize ITD sensitivity? Kuba and others argue that, during high frequency stimulation, synaptic potentials temporally summate and depolarize the hot spot, which in turn produces inactivation of Na + channels. The depolarization, and hence the degree of Na + channel inactivation, are attenuated as the hot spot is separated farther from the soma. Thus it appears that electrical isolation of the site of AP initiation may carry computational advantages for neurons tuned to respond to high frequency inputs. Furthermore, one of the most intriguing aspects of this study is the demonstration of how AP initiation at the AIS is exquisitely sensitive to what may be considered small changes in the distribution of channels at the AIS, and how this might be used to fine-tune neuronal responsiveness for specific computations.
Voltage-Gated K + Channels of the Kv1 Subfamily Are Powerful Regulators of Spike Initiation in Neocortical Fast-Spiking Interneurons
An example of how K + channels present at the AIS can have a major influence on AP generation was recently described in neocortical fast-spiking (FS) GABAergic interneurons. Goldberg and others (2008) found that the threshold for AP generation in neocortical FS cells is dynamically and powerfully regulated by Kv1.1containing Kv1 channels specifically enriched at the AIS. FS cells are the most numerous class of GABA-releasing (GABAergic) neurons in cortex, 2 and provide fast, strong perisomatic inhibition of target cells, effectively suppressing their excitability. This FS cell-mediated inhibition is thought to be important for the maintenance of excitatory-inhibitory balance and the synchronization of pyramidal cells, and is implicated in the generation of fast cortical rhythms (Lawrence and McBain 2003; Traub and others 2004) .
FS cells are capable of discharging high frequency trains of APs both in vitro and in vivo (Connors and Gutnick 1990; Swadlow 2003) . Goldberg and others (2008) found that channels containing Kv1.1 subunits enriched at the AIS were critical in gating this high frequency discharge, because blockade of Kv1.1 channels at the AIS dramatically lowered AP threshold, resulting in high frequency discharge at what would normally be subthreshold depolarizations (Fig. 4 ). Furthermore, Kv1.1 channel blockade converted the delay-type discharge pattern of layer 2/3 FS cells to one of continuous fast-spiking without influencing the high frequency firing that defines FS cells ( Figs. 4 and 5) .
In addition to a general dampening of near-threshold excitability, the Kv1-mediated current at the AIS was also required for other dynamic properties of AP threshold in FS cells. The authors found that sufficiently large, fast inputs could "outrun" this dampening influence and efficiently drive FS cells. Last, via accumulation of Kv1 channel inactivation, Goldberg and others found that spike threshold was sensitive to the short-term history of the membrane potential. For example, subthreshold depolarizations applied before a previously subthreshold stimulus could then produce AP discharge, further highlighting the dynamic role of AISlocalized Kv1 channels in the modulation of FS cell AP threshold. These conclusions were further supported by computational modeling, which showed that Kv1 channels must be localized to the spike-generating zone (the AIS) to exert a robust dampening influence on FS cell excitability (Goldberg and others 2008) .
Another example of potassium channels at the AIS contributing to modulation of AP generation comes from the brain stem neurons of the medial nucleus of the trapezoid body (MNTB) in the mammalian auditory pathway. These cells link auditory nuclei at the level of the superior olivary complex, and are known to be critical in early auditory processing such as the detection of ITDs, used for sound localization (Schneggenburger and Forsythe 2006) .
Like cortical FS cells, these neurons can respond to very high frequency stimuli, a property that largely depends on the presence of K + channels of the Kv3 subfamily (Rudy and McBain 2001) . However, in contrast to FS cells, which respond to suprathreshold current steps with sustained high frequency spike trains, MNTB neurons fire only one AP at the start of the depolarization (Brew and Forsythe 1995) . This is mediated by a large Kv1 current that ensures the generation of a single AP per crest of synaptic activity. The Kv1 current, probably mediated by channels containing Kv1.1 and Kv1.2 subunits specifically localized to the AIS, is activated along with the AP and prevents repetitive firing in the face of sustained depolarization (Dodson and others 2002) . This provides temporal precision and tight control of spike timing at this auditory nucleus.
In both cell types, cortical FS cells and MNTB neurons, the Kv1 channels are located at the AIS and apparently excluded from somatic membrane, and both seem to contain Kv1.1 and Kv1.2 subunits (Dodson and others 2002; Goldberg and others 2008) ; however, these channels have different effects on firing in the two types of cell. The basis of these differences remains to be investigated, but may include differences in the kinetics and voltage dependence of the Kv1 current resulting from differences in precise subunit composition (including the types of Kvb subunits present), differences in the precise localization of the channels within the AIS (given the observations in the nucleus laminaris described earlier), or differences in other membrane properties.
Regulation of AIS Function by GABA A Receptors
A specialized class of cortical GABAergic interneurons, known as chandelier cells, specifically target the AIS of cortical pyramidal cells and are thought to control the timing of their output. This GABAergic control is mediated by postsynaptic GABA A receptors at the AIS of pyramidal cells. The action of GABA at this axo-axonic synapse (whether it produces excitation or inhibition) has been the subject of recent study and controversy (see Box 3). In addition, GABA A receptors containing the a 2 subunit are enriched at this axo-axonic synapse in cortex (Nusser and others 1996) , which may have important implications for disease (see Box 4) and the actions of benzodiazepines (Rudolph and others 1999; Rudolph and Mohler 2006) .
Kv1 Channels and Control of the Axonal Spike Waveform in Neocortical Pyramidal Cells

Enrichment of Kv1-Mediated Currents at the AIS: Insights from Direct Axonal Recordings
In the neocortex, Kv1 channels have also been demonstrated at the AIS of neocortical pyramidal neurons, the predominant cell type in the cortex. In these neurons it has been possible to obtain direct electrophysiological recording from the axon, and hence the properties of the Kv1 channels have been well characterized. This was accomplished either by whole-cell recording from the axonal "blebs" formed at the cut ends of axons sectioned during slice preparation (Shu and others 2006) or directly from the axons of particularly large layer 5 pyramidal cells (Kole and others 2007) .
Voltage-clamp recordings confirmed the presence at the AIS of a DTX-I-sensitive K + current that activated rapidly, inactivated slowly, and was first apparent at subthreshold membrane potentials (Kole and others 2007; Shu and others 2007; see box 2) . The Kv1 current was also blocked by rTityustoxin-Ka, suggesting that the channels contain Kv1.2 subunits, but not by DTX-K, suggesting a lack of Kv1.1 proteins (Shu and others 2007) . Kole and others found that the amplitude of this current was greatest in the distal (35-55 mm from the axon hillock) portion of the AIS as opposed to the proximal AIS (5-30 mm from the axon hillock) and was reduced at the soma. Interestingly, current densities remained relatively high at more distal parts of the axon (Kole and others 2007) . These direct measurements support a prior immunohistochemical study that indicated that Kv1.2 subunits are enriched in the distal portion of the AIS in human pyramidal cells, in contrast to the uniform distribution of sodium channels over the first ~40 mm of the axon (Inda and others 2006) .
Kv1 Channels in the Proximal Axon of Neocortical Pyramidal Cells Regulate AP Duration in the Axon Independently of the Soma
Because the neuronal cell body has been the site of most intracellular recordings from neurons, electrophysiologists have tended to have a somatocentric view of neurons. However, some of the important consequences of recording an event that originates in the axon and back-propagates into the soma are beginning to be appreciated in light of the recent direct axonal recordings in neocortical pyramidal cells (Yu and others 2008) . One such finding is that the duration of the AP waveform is regulated in the axon independently from the soma. Shu and others (2007) and Kole and others (2007) showed that the Kv1 channels at the AIS of neocortical pyramidal neurons have a major role in regulating spike repolarization at the axon, producing a much briefer spike in the axon than at the soma. Spike duration changed along the axon, matching the observed changes in Kv1 channel density. AP half-width decreased from ~500 ms at the soma to ~250 ms at the distal AIS and beyond. This was accompanied by a concomitant increase in the depth of the after-hyperpolarization (AHP; Kole and others 2007) . Application of Kv1 channel blockers produced a large broadening of the axonal but not of the somatically recorded spike (Fig. 6) .
After initiation at the AIS, differences in size, and hence the membrane capacitance to be charged, between the soma and the axon will differentially affect
Box 4: The AIS and Disease
Continued progress in our understanding of the organization and function of the AIS may yield important insights into the link between molecular defects and disease phenotypes. For instance, ion channels now known to be expressed at the AIS of various subtypes of cortical neurons are mutated in human epilepsy syndromes and their presence at the AIS might be a factor contributing to these diseases. One example is the Na + channel Na V 1.1 encoded by the SCN1A gene. Mutations in SCN1A cause a range of epilepsy phenotypes (depending on the exact mutation) that vary in severity and include generalized epilepsy with febrile seizures plus (GEFS+) and severe myoclonic epilepsy of infancy (SMEI; Escayg and others 2000; reviewed in Ragsdale 2008) . As we discussed earlier, in cortex, Na V 1.1 is expressed at the AIS of parvalbumin expressing GABAergic interneurons (see section titled "Molecular Organization of the AIS"). A recent report demonstrated reduced sodium currents in GABAergic inhibitory interneurons (but not in principal neurons) in mice with partial or total loss of Na V 1.1, a mouse model of SMEI (Yu and others 2006; Oakley and others 2009) . These data implicate sodium channels at the AIS in the pathogenesis of epilepsy. K + channels containing Kv1.1 subunits are another example. Mutations of Kv1.1 (KCNA1) are associated with hyperexcitability phenotypes including episodic ataxia type 1 (EA1) and various forms of epilepsy in humans (Browne and others 1994; Eunson and others 2000; Liguori and others 2001) , and genetic deletion of Kv1.1 causes profound epilepsy in mice (Smart and others 1998) . As discussed earlier, Kv1.1-containing channels are expressed at the AIS of cortical FS GABAergic interneurons where they have powerful effects on spike initiation. However, Kv1.1 is expressed widely, particularly in axons, juxtaparanodes, and synaptic terminals in several neuronal populations in cortical structures. Therefore it still remains to be shown that channels specifically at the AIS contribute to the epilepsy phenotypes.
Similarly, mutation of the K + channel subunits KCNQ2 and KCNQ3, which are also expressed at the AIS of cortical neurons (see section titled "Molecular Organization of the AIS") produces the epilepsy syndrome of benign familial neonatal convulsions (BFNC; reviewed in Jentsch 2000) . Retigabine, an activator of the KCNQ channels, was shown in a recent randomized multicenter clinical trial to be effective in otherwise treatment-refractory partial epilepsy (Porter and others 2007) . It is not known, however, how KCNQ channels in different subcellular compartments contribute to BNFC or whether the effect of retigabine is via modulation of KCNQ channels localized to the AIS or other locations.
Finally, there are some intriguing findings in research on schizophrenia that may implicate the AIS. GABA A receptors containing the a 2 subunit are enriched at the axo-axonic synapses formed by presynaptic chandelier cells onto the postsynaptic pyramidal neuron AIS in cortex (Nusser and others 1996) . It has been shown that there is an increase in the density of a 2 GABA-R subunits in postmortem tissue from the prefrontal cortex of individuals with schizophrenia, which is accompanied by a decrease in the density of the GABA transporter 1 (GAT-1) at the presynaptic terminals of chandelier cell synapses (Volk and others 2002) . Although it is difficult to separate cause from effect, these findings suggest that there is alteration in the inhibitory control of the AIS in the brains of patients with schizophrenia, which might, in turn, directly implicate chandelier cells in the pathogenesis of this disease or reflect a compensatory response by the chandelier cell system to other defects, possibly at the AIS of pyramidal cells.
Although direct evidence that pathology of the AIS compartment is involved in disease is still lacking, this is an intriguing hypothesis, given that neuronal function is highly sensitive to the properties and location of channels present at this site.
the orthodromic and back-propagated spike. Kole and others (2007) observed that local application of Kv1 channel blockers at the AIS broadened the AP at the site of application by 45%, and this increase in spike width propagated down the axon with a length constant of ~230 mm, yet the brief APs recorded at the AIS are not observed at the soma just <50 mm away. Spike width at the soma depends on the repolarizing influence of the channels in that compartment, which do not appear to include appreciable amounts of Kv1 channels. Thus, Kv1 channels are present in high densities at the AIS and with activation kinetics fast enough to play a critical role in repolarization of axonal APs with minimal impact on somatic AP repolarization.
These observations are significant because they demonstrate that spike properties can be independently modulated in the axon and soma by the local constellation of ion channels present in each compartment. As a Figure 6 . Axonal Kv1 channels selectively control axonal action potential (AP) waveform in neocortical pyramidal cells. A, Image of layer 5 pyramidal cell indicating the AIS and cut axonal bleb. B, Simultaneous whole-cell recordings from the soma (black traces) and the axon initial segment (AIS) or axon bleb (red traces). Dotted line (t = 0) indicates the onset of the somatically recorded AP. Note the AP recorded at the AIS precedes the somatic AP; also note the differences in AP duration between the soma and axonal recordings. C, AP waveform narrows in the axon. Shown are example APs recorded at the soma (black) and at increasing distances along the axon (red traces). D, Plot of axonal AP duration (AP width at half-amplitude: half-width, ms) as a function of recording distance from the axon hillock (mm). E, Local application of Kv1 channel blocker, dendrotoxin-I (DTX-I) at the AIS selectively increases axonal but not somatic AP duration. Shown are the axonal AP before (black) and after (red) DTX-I at the AIS. Modified from (Kole and others 2007) with permission from Elsevier.
result, the properties of APs recorded at the soma (as is usually done)-which represent spikes that have back propagated from the site of spike initiation in the axon to the cell body)-may not reflect the properties of the orthodromically propagating axonal spike or the spike waveform at the presynaptic terminal, which is the spike relevant for transmitter release and interneuronal communication. Kole and others (2007) have suggested that, by shortening the duration of cortical axonal APs as well as by increasing the amplitude of the after-hyperpolarization, the high density of Kv1 channels in the AIS and the axon proper will act to increase the fidelity of axonal AP propagation during high frequency AP bursts. As discussed below, this role of Kv1 channels at the AIS in regulating the duration of the axonal spike may not apply to neocortical FS GABAergic interneurons, which utilize instead Kv3 channels for fast repolarization and facilitation of high frequency sustained repetitive firing (Erisir and others 1999; Lau and others 2000; Rudy and McBain 2001) .
The actions of Kv1 channels at the AIS of FS and pyramidal neurons also differ in that, as opposed to the large effects of blocking Kv1 channels at the AIS on AP threshold in FS cells discussed in the previous section, there are less potent effects of DTX-I on the threshold for APs in neocortical pyramidal neurons (Bekkers and Delaney 2001; Guan and others 2007; Goldberg and others 2008) . It is not known why Kv1 channels have different effects on spike threshold in these two types of cortical neurons. As discussed earlier for the differences between FS cells and MNTB neurons, possibilities include differences in the kinetics and voltage dependence of the Kv1 current, the precise localization of the channels within the AIS, or differences in other membrane properties.
Kv1 Channels in the Proximal Axon of Pyramidal Neurons Regulate Synaptic Transmission
Direct electrical measurement from axons has also led to the discovery of a new and somewhat unanticipated signaling role played by the AIS and the proximal axon.
In most neurons, graded changes in membrane potential, either synaptic potentials or receptor potentials in sensory neurons, are propagated to the proximal axon where, if they reach threshold, they generate "allor-none" APs that are propagated to the synaptic terminals to initiate neurotransmitter release. However, in some neurons, graded changes in membrane potential are propagated to the synapse, where they produce graded "analog" transmitter release. It is said that these "graded synapses" use an "analog" code of information transmission, in contrast to information transfer by the discontinuous, impulse-mediated binary or "digital" mechanism (Juusola and others 1996) . Kole and others (2007) with permission from Elsevier. E, F, Somatic depolarization and DTX-I do not increase unitary AP-evoked GABA postsynaptic potentials (uGPSP) in fast-spiking (FS) interneuron → pyramidal cell (PC) pairs. E, APs evoked from depolarized presynaptic potentials (green traces; -50 mV; sufficient to produce Kv1 channel inactivation based on lack of delayed firing in presynaptic FS cell, E 1 ) or hyperpolarized (~-70 mV) potentials (black traces) produce no change in uGPSP amplitude. However, application of 1 mM TEA, which blocks Kv3 channels, produces an approximately twofold increase in uGPSP amplitude, consistent with previous results (Goldberg and others 2005) . F, Bath application of DTX-I has no effect on uGPSP amplitude in FS → PC pairs. F 1 , Summary data (n = 3). Modified from Goldberg and others (2008) with permission from Elsevier.
Intracortical synaptic transmission has traditionally been presumed to operate in the AP-mediated digital mode of transmission. However, recent studies have overturned this generalization and have revealed that at certain intracortical synapses, namely the hippocampal granule cell (mossy fiber axon)-to-CA3 principal cell synapse and synapses between layer 5 neocortical pyramidal neurons, transmission can occur in a mixed analog-digital fashion. These discoveries have been discussed in detail elsewhere in recent reviews (Clark and Hausser 2006; Alle and Geiger 2008) . The main finding is that subthreshold somatodendritic depolarizations can travel significant distances down the axon and modulate AP-dependent transmitter release (Fig. 7) .
We highlight this work here because, in neocortical pyramidal cells (but apparently not in mossy fiber axons), the effect of subthreshold depolarizations on synaptic transmission was found to be mediated by the dendrotoxin-sensitive axonal Kv1 K + channels described earlier (Kole and others 2007; Shu and others 2007) . Subthreshold depolarizations promote inactivation of the Kv1 channels, which in turn produces broadening of the axonal spike. The broadened spike is efficiently propagated to synaptic terminals that are close to the soma (given a length constant of propagation of ~500 mm) producing elevated Ca 2+ influx, which in turn increases transmitter release probability (Fig. 7) .
In these layer 5 pyramidal neurons, Kv1 channel density remains relatively high throughout the distal axon (Shu and others 2007; Kole and others 2007) , and it must be high at the terminal inasmuch as bath applied DTX-I produces a much larger increase in transmitter release than that produced by local application to the AIS or that produced by somatic subthreshold depolarizations (Kole and others 2007) . Given this, and the fact that the subthreshold depolarizations themselves propagate down the axon with a similar length constant as the broadened spike, it is not clear if a high density of Kv1 channels specifically at the AIS is necessary for the observed effect of subthreshold depolarizations on spike-evoked transmitter release. This could be tested by investigating the effect of local application of DTX-I at the AIS on the increased transmitter release following subthreshold depolarizations.
In contrast to the pyramidal-to-pyramidal cell synapse, somatic subthreshold depolarizations do not seem to modulate GABA release from cortical FS interneurons onto pyramidal cells (Fig. 7) . In addition, in FS cells, DTX-I does not affect the size of the AP-evoked postsynaptic response recorded in pyramidal neurons others 2005, 2008) .
Why do somatic depolarizations fail to modulate transmitter release from FS neurons? One likely possibility is that Kv1 channels in FS cells do not influence axonal AP repolarization and therefore AP duration. As in the soma of these neurons, fast repolarization of axonal APs is controlled mainly by K + channels of the Kv3 subfamily, which are highly enriched in the soma, axons, and terminals of FS cells (Goldberg and others 2005; Chow and others 1999) . Indeed, blocking Kv3 channels at the FS cell terminals produces enhanced transmitter release, which is likely due to AP broadening as it is associated with an increase in Ca 2+ influx (Goldberg and others 2005) . Because Kv3 channels do not undergo appreciable voltage-and time-dependent inactivation, subthreshold somatodendritic depolarizations are not expected to modulate transmitter release in a manner paralleling that of Kv1 channels in pyramidal cells.
Conclusions and Future Directions
In conclusion, the AIS is a highly organized axonal domain that appears specialized to function as the site of spike initiation in neurons. Our understanding of the structure and functional roles of the AIS has progressed with the advent of new approaches and new and more refined experimental techniques spanning more than a century of investigation. What has emerged is an appreciation of the molecular complexity of this domain and a better understanding of how some of the ion channels present at the AIS contribute to its electrical signaling properties. It is likely that other ion channels and receptors besides those identified so far are also present at the AIS. We can expect that some of these will be identified soon, as this compartment is the focus of intense study. We also still need to understand how similar channel proteins at the AIS have different effects in different neuronal cell types.
Given that multiple types of ion channels are enriched at the AIS, one key area of future study will be to determine if the AIS is the target of neuromodulatory substances. Ion channels are frequent targets of neuromodulators in other subcellular compartments, and it is intriguing to speculate that key aspects of neuronal function are regulated by modulatory influences at the AIS. Also, synaptic plasticity at the AIS is virtually unexplored. The AIS of cortical pyramidal cells is the specific postsynaptic target of GABAergic chandelier cells, and thus synaptic plasticity at this axo-axonic contact would also be expected to have powerful consequences for AP output. Finally, as the molecular organization and assembly mechanisms of the AIS are better understood, the AIS may prove to be an ideal domain to target the expression of the new generation of genetically encoded activators, inhibitors, and optically gated channels for the control of neuronal output.
Note added in proof: Adding to the evidence that the AIS has functional subdomains, Hu and others (2009) recently showed that distinct Na+ channel isoforms located at the distal and proximal AIS, regulate AP initiation and backpropagation, respectively. Notes 1. Based on simultaneous somatic and axonal patch-clamp recordings, Kole and Stuart (2008b) have shown that because of the activation of AIS localized sodium channels prior to AP generation, the AP voltage threshold is actually more depolarized in the AIS compared to that measured at the soma by conventional methods.
2. GABA is the main inhibitory neurotransmitter in the CNS.
